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SYNOPSIS 
 
 
Soil Stiffness is an important parameter for any geotechnical engineering design. In 
laboratory tests it can be derived from stress-strain curves or from dynamic 
measurement based on wave propagation theory. The second method is a more 
accurate and direct method for measuring stiffness at very small strains. Until now 
dynamic measurements have usually been obtained manually from the triaxial test. 
Attempts have been made to automate the procedure but have apparently failed due to 
the high level of variability in dynamic measurements. Moreover, triaxial tests of soil 
can be very lengthy and manual dynamic measurements can be very tedious and 
impractical for long stress-path tests. In this research a computer program has been 
developed to automate the stiffness measurement (using bender elements) based on 
the cross- correlation technique. In this method the program records all the peaks and 
corresponding arrival times in the cross-correlation signal during the test. The 
stiffness is calculated and displayed on the screen continuously. The Bender Element 
enabled to get the small strain shear modulus. An arbitrary “Chirp” waveform of 4 
kHz frequency was used for this purpose. Subsequently Bender Element test results 
were checked by ‘Sine’ waveforms of frequencies 5kHz to 20kHz, as well as by 
manual inspection of the arrival time. This thesis discusses the method and some of 
the difficulties in truly automating the process. Finally some results from a number of 
stress path tests on uncemented and cemented calcareous sediments are presented. 
 
Bender elements have been used by many researchers to determine the shear modulus 
at small strain. Most previous studies have used visual observation of arrival time, 
which is time consuming and often requires some judgement from the operator. This 
thesis will describe the use of cross-correlation as a method for automation of Gmax 
measurement. Cross-correlation has been claimed to be unreliable in the past. 
However, it will be shown that provided several peaks in the cross-correlation signal 
are monitored it is possible to follow the variation of Gmax throughout consolidation 
and shearing. The measurement can be made at regular intervals within the software 
controlling a stress-path apparatus. Details of the apparatus used and practical 
considerations including selection of waveform and frequency are discussed. 
 xi
 
A series of drained cyclic triaxial tests was carried out on artificially cemented and 
uncemented calcareous soil of dry unit weights 13, 15, and 17 kN/m3 and sheared 
with constant effective confining stress 300 kPa. Gypsum cement contents of 10%, 
20% and 30% of the dry soil weight were used. In addition a series of stress path tests 
were performed on Toyuora sand samples. 
 
Results will be presented for two uncemented and one cemented sand. In addition to 
the bender elements, all tests had internal instrumentation to monitor axial and lateral 
strains. Results will be presented for Toyura sand to show that the measurements are 
consistent with those obtained by other methods. Results will also be presented for 
carbonate sand subjected to a wide range of stress paths. Finally, results will be 
presented for the carbonate sand cemented with gypsum. The degradation of Gmax of 
the cemented soil subjected to variety of monotonic and cyclic stress-paths is 
presented.  
 
Analysis of the results includes assessment of the factors influencing Gmax for 
uncemented sand. Preliminary analysis indicates that in order of importance these are 
the mean effective stress, the stress history, void ratio and stress ratio. For cemented 
sand, Gmax is initially constant and independent of stress path. After yielding the 
modulus degrades, becoming increasingly stress level dependent and eventually 
approaches the value for uncemented sand. Factors influencing the rate of degradation 
are discussed.  
 
For the Toyuora sand samples the effects of end restraint on the stress-strain response 
at small strains were investigated. The conventional method of mounting triaxial 
specimen has the effect of introducing friction between sample and end platen during 
a compression test. This inevitably restricts free lateral movement of the specimen 
ends. Frictional restraint at the sample ends causes the formation of 'dead zones' 
adjacent to the platens, resulting in non-uniform distribution of stress and strain (and 
of pore pressure if undrained). On the other hand the specimen with 'free' ends 
maintain an approximate cylindrical shape instead of barrelling when subjected to 
compression, resulting in a more uniform stress distribution. 
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PREFACE 
 
The work in this thesis was carried out in the Department of Civil Engineering at the 
University of Sydney during the Period of 1998-2004. The candidate was supervised 
by Dr. David W. Airey. 
The by-laws of the University of Sydney require a candidate for the degree of Doctor 
Of Philosophy to indicate which sections of the thesis are original. In accordance with 
these by-laws, any information or ideas derived or obtained from other sources have 
been acknowledged in this text. The author claims the following portions of this thesis 
are original: 
• The modification of computer control triaxial test program to perform various 
stress path tests and data acquisition. 
• The complete experimental program, testing procedures and associated 
equipment design described in Chapter 3 and 4. 
• Microscopic analyses and imaging of uncemented dry soil (e.g. calcareous 
soil, and Toyoura sand) and gypsum using a computer controlled scanning 
electron microscope (SEM) presented in Chapter 4. 
• Automation of stiffness measurement using cross-correlation and bender 
element in chapter 5. 
• All laboratory test results, analyses and discussion on Toyuora sand presented 
in Chapter 6. 
• All laboratory test results on cemented and uncemented carbonate sand, 
analyses, discussion of the effects of density and degree of cementation on 
general responses of cemented sand and degradation of cementation presented 
in Chapter 7. 
• Derivation of a new empirical relation for shear stiffness (Gmax) and 
comparison of this equation with previously published relation and 
experimental data described in Chapter 8. 
• The proposed methodology to quantify the cement content and cement 
degradation described in Chapter 8. 
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NOTATION 
 
 
The following notations have been used throughout the thesis 
 
A  Current cross- sectional area of a specimen  
B  Skempton’s B parameters (Degree of saturation) 
CC, GC Percentage of cement content by dry weight 
CSL  Critical state line 
Ca  Coefficient of secondary compression, the change in void ratio per log 
cycle of time 
Cc   Compression index 
Cs  Expansion index  
Cv  Coefficient of consolidation 
Dr  Relative density  
e  Void ratio  
E  Young`s modulus  at the commencement of shearing, initial tangent 
modulus 
E′  Drained young`s modulus 
Eu  Undrained Young`s modulus  
G,Gmax  Shear modulus and small strain shear modulus 
Gs  Specific gravity of solids  
HET  Hall Effect Transducer 
Ko  Earth pressure coefficient at zero lateral strain 
L  Length of specimen 
M  Slope of the critical state line in q : p′ space. 
N  Specific volume at p′ = 1 kPa for the NCL 
NCL  Normal consolidation line 
OCR  Over consolidation ratio 
SBS  State Boundary surface 
p′  Mean effective stress defined as (σ′1-σ′3)/3 
pa  Atmospheric pressure = 101.33 kPa 
pav  Average vertical applied pressure 
 xvi
p′c  Effective consolidation pressure 
p′e  Equivalent pressure, value of p′ at the NCL at the current specific 
volumme  
pr  Reference pressure  = 1 kPa,  
p′o  Value of p′ at the commencement of shearing 
q  Deviator stress defined as (σ1-σ3) 
qpeak  Peak deviator stress 
qu  Unconfined compressive strength 
t100   Theoretical full consolidation time 
tf  Time to failure  
u, δu  Excess pore water pressure 
v  Specific volume 
vo  Specific volume at the commencement of shearing 
Vp  Velocity of P wave 
Vs  Velocity of S wave. 
w  Moisture content (water content) 
εa  Natural axial strain 
εr  Natural radial strain 
εs  Shear strain, 2(εa-εr)/3 or equally 2(ε1 - ε3)/3 
εf  Axial strain at failure  
εpl  Plastic axial strain 
εv  Volumetric strain 
φ  Angle of internal friction 
φf  Friction angle at failure 
λ  Gradient of the (isotropic) normal consolidation line in v : ln p′ space 
κ  Gradient of the isotropic swell line in v : ln p′ space  
ν  Poisson`s ratio 
γd  Dry unit weight 
σa  Axial stress 
σc  Cell Pressure 
σr  Radial stress 
σ′a,σ′1  Effective major principal stress 
σ′r,σ′3  Effective minor principal stress 
 xvii
σ′o  Mean principal effective stress 
σ′c  Effective confining stress 
σn  Normal stress 
σ′v  Effective vertical stress 
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CHAPTER - 1 
 
 
INTRODUCTION 
 
 
1.1 General 
All offshore oil and gas exploration structures inevitably rests on the ocean floor if it 
is not a floating platform. In many parts of the world the essential soil ingredients at 
these offshore places are calcareous sediment both in cemented and uncemented form. 
The common properties of these calcareous sediments are high in-situ void ratio, 
presence of soft/crushable particles and collapsible cementation. These typical 
characteristics of calcareous soil have been creating construction problems in offshore 
structures for many years. For example, the free falling of piles after the first 7.5m 
penetration through variably cemented material was observed during the construction 
of platform in Arabian Gulf in 1968 (McClelland, 1988). The most serious problem 
occurred on Australia’s North West Shelf where 1.8m diameter piles fell as much as 
60 meters under their own weight and all the piles showed less driving resistance than 
anticipated. 
Soil deposits on Australia’s Northwest Shelf, have posed many technical challenges to 
the engineering community because of their high void ratios and highly variable 
cementation. The degree of cementation and porosity can vary significantly over 
distances of less than 10 cm (Apthorpe et al 1988). This makes the natural sediments 
unsuitable for fundamental study of the parameters affecting the monotonic or cyclic 
response of this soil. 
These uncertainties and the problems associated with calcareous soil have led to a 
great deal of research interest for geotechnical engineers. As conventional analyses 
have been found to be inadequate for predicting the behaviour of calcareous soil, a 
large number of tests have been carried out both in the laboratory and in the field. In 
March 1988 the initial findings of these research activities were presented in the 
International Conference on Calcareous Sediments held in Perth, Australia. In that 
conference McClelland (1988) concluded that, “we have only begun to solve the 
foundation engineering enigma as to what design parameters are significant for 
cemented calcareous sediment and how to apply them. We know by now that the kind 
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and degree of cementation is certainly one of those parameters but we don’t yet know 
how to quantify it and therefore can not apply it.” 
Since 1988 several studies have been conducted into behaviour of cemented carbonate 
sediments (i.e. Airey 1993, Huang 1994, Coop & Atkinson 1993, Ismail 2000, 
Sharma 2001). These have elucidated many important features of cemented sands at 
medium to large strains, but information on the response at small strain is very 
limited. Previous researchers have studied large strain behaviour of cemented soil for 
modelling critical state phenomena (Ismail 2000, Huang 1994), but how the 
cementation behaves and degrades at small strain remains unresolved. 
Considering these problems of calcareous soil and the limited understanding of its 
behaviour, this research was initiated to investigate the small strain stiffness 
behaviour of both cemented and uncemented calcareous soil. 
1.2 Small - Strain Behaviour 
In recent years many researchers (e.g. Simpson 2001, Vinale et al, 2001, Jardine et al, 
2001) have been increasingly interested in the small strain behaviour of soil for the 
following reasons: 
• Although the small strain behaviour may not be important from the stability 
point of view, 0.1% strain of ground, often considered acceptable for civil 
engineering design, may cause significant damage to structures particularly for 
masonry foundations or settlement sensitive structures.  
• In most of the early soil models engineers used to assume that inside the 'yield 
surface' soil behaviour is isotropic linear and elastic. But, during the past few 
years some features of non-linear behaviour have been discovered even in the 
small strain range. Now it has become important to investigate and quantify 
which factors influence such behaviour in the small strain range. The 
following factors are assumed to be responsible, the recent stress/strain 
history, anisotropy, ageing or creep, relaxation, bonding cementing agent, etc. 
• In the past it was difficult to study the small strain behaviour due to lack of 
appropriate instrumentation and monitoring of soil samples. But nowadays it 
has become possible through the development of local and sophisticated 
instrumentation such as Bender Element, Hall Effect Transducer etc. 
• In conventional triaxial tests the axial strain measurement is unreliable at 
strain levels less than 0.1% irrespective of resolution and accuracy of the 
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measurement device. Therefore it has become accepted that previous stiffness 
data are not reliable enough, and in some cases rather misleading. 
• At present there are conventional triaxial test data for cemented soil samples at 
large strains, but there is little small strain stiffness data available for cemented 
soil sample. 
• Another important feature of cemented samples is cement degradation during 
loading. Due to the development of fully automated computer control triaxial 
test during this research, it was possible to take the cemented sample along 
any desired stress path. Therefore it was the motivation to study the cement 
degradation at very small to large strain range. 
Bender elements have been used by many researchers to determine the shear modulus 
at small strain for long time. Most of the previous studies have used visual 
observation of arrival time, which is very time consuming and often requires some 
judgement from the operator. This thesis will describe the use of cross-correlation as a 
method for automation of Gmax measurement. Cross-correlation has been claimed to 
be unreliable in the past. However it will be shown that provided several peaks in the 
cross-correlation signal are monitored it is possible to follow the variation of Gmax 
throughout consolidation and shearing. The measurement can be made at regular 
intervals within the software controlling a stress-path apparatus. The thesis will 
include details of the apparatus used and discuss the practical considerations including 
selection of waveform and frequency. 
Results will be presented for two uncemented and one cemented sand. In addition to 
the bender elements, all tests had internal instrumentation to monitor axial and lateral 
strains. Results will be presented for Toyoura sand to show that the measurements are 
consistent with those obtained by other methods. Results will also be presented for 
carbonate sand subjected to a wide range of stress paths. Finally, results will be 
presented for the carbonate sand cemented with gypsum. The degradation of Gmax of 
the cemented soil subjected to variety of monotonic and cyclic stress-paths will be 
presented. 
1.3 Aim of this Thesis 
The main objective of this research was to investigate the stiffness and stress-strain 
properties of uncemented Toyoura sand and cemented calcareous sand at small strain 
level. Therefore putting this goal ahead it was essential to develop suitable 
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equipments and controlling program to serve the purpose. The experimental results of 
this research were then compared with published data and accepted theory of soil 
mechanics to validate the results and observed soil behaviour. 
The emphasis was given on the analysis of these results to find out the factors 
influencing Gmax for uncemented sand. Preliminary analysis indicates that in order of 
importance these are the mean effective stress, the stress history, void ratio and 
deviator stress. For cemented sand, Gmax is initially constant and independent of stress 
path. After yielding the modulus degrades, becoming increasingly stress dependent 
and eventually approaches the value for uncemented sand. 
The triaxial apparatus originally setup by Huang (1994) was used initially as the basis 
for experimental program but later with time those were either modified or remade 
extensively to perform the test at small strain level with a high accuracy. Different 
stress path tests like constant p′, constant q, constant σ1′ tests were conducted on 
numerous in-situ or pre-cast samples of 55mm diameter and 110mm height. 
The specific aim of this research were- 
a) to investigate the degradation stiffness with p′, void ratio, cement content and 
stress ratio 
b) to investigate the breakdown of cementation 
c) to investigate the effect of end restraint 
d) to investigate the effect of degree of cementation on yield surface as well as on 
stiffness 
e) to investigate the behaviour of stiffness at small strain 
f) to investigate the effect of soil density on yield surface 
The conventional method of mounting triaxial specimen has the effect of friction 
between sample and end platen during a compression test. This inevitably restricts 
free lateral movement of the specimen ends. Frictional restraint at the sample ends 
causes the formation of 'dead zones' adjacent to the platens, resulting in non-uniform 
distribution of stress and strain (and of pore pressure if undrained). On the other hand 
the specimen with 'free' ends maintain an approximate cylindrical shape instead of 
barrelling when subjected to compression, resulting in a more uniform stress 
distribution. 
Errors due to end restraint are of greatest significance in samples that tend to dilate 
such as dense or stiff soil tested at low effective confining pressures. Lubricated end 
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platens reduce this source of error and enable shorter sample length to be tested. as 
well. Various methods have been tried in attempt to reduce the effects of end restraint 
in triaxial test. 
But in this study rubber membrane with silicon greased platens were used to reduce 
the end restraining effect. This paper presents the influence of frictionless end for 
stress-strain behaviour and shear modulus. 
1.4 Layout of the Thesis 
The objectives for this research have been addressed and described in the following 
chapters of this thesis. 
• Chapter1- contains the aim and objective of this thesis. 
• Chapter2- presents a review of the literature, explaining the definition of 
different soil stiffness parameter but emphasis on soil small-strain shear 
stiffness (Gmax) and different measurement methods to estimate it. It also 
explore the available soil models for structured soil, their limitations, large-
strain soil behaviour done by previous researchers for Toyoura sand and 
calcareous sand, different ways to make cemented samples and their advantage 
and disadvantages. It also demonstrates a direct measurement technique (wave 
velocity method) of Gmax utilizing cross-correlation theory and using bender 
elements. 
• Chapter3- describe the main features of the various triaxial testing equipment 
used in this research, modification of few parts, newly designed mould, 
internal and external instruments, calibration of those instruments, input pulse 
generation, capturing of input and response traces, data acquisition system, 
modification of test control program and triaxial testing program for this 
research. 
• Chapter4- illustrates the properties of materials used in this study, some results 
of the scanning electron microscopic examinations on those materials, 
different types of mould, mix design and sample manufacturing procedure 
with predetermined dry unit weight and cement content, UCS results for 
gypsum cement, cemented and uncemented carbonate samples to show 
repeatability of manufactured samples. It also describe in detail sample 
installation into the triaxial cell and different stage of triaxial test such as 
sample saturation, compression and shearing. 
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• Chapter5- demonstrate the bender element detail i.e. water proofing, mounting 
into the top or bottom platen, different methods of identification of travel time, 
their level of reliability, automation procedure of shear modulus (Gmax) 
measurement using bender element, development procedure of an arbitrary 
waveform (Chirp), effects of different waveforms and frequency in arrival 
time estimation. It also validates automation procedure by comparing Tyoura 
sand stiffness data with published data. 
• Chapter6- presents detail Toyoura sand behaviour such as compression 
behaviour, small-strain and large-strain behaviour, effects of different end 
restraint condition (such as frictionless end and frictional end) and effects of 
L/D ratio on stress-strain behaviour, comparison of Gmax from this study to 
other studies. 
• Chapter7- investigates the observed stress-strain behaviour of carbonate sand, 
for cemented and uncemented samples such as compression behaviour, small-
strain and large-strain behaviour at various dry unit weights and cement 
contents. The aim of this chapter is to show the general effects of densities, 
confining pressure and degree of cementation on compression and shearing 
behaviour of artificially cemented soil in comparison to uncemented soil, it 
also shows the degradation of cementation during shearing. 
• Chapter8- is devoted to the small-strain stiffness (Gmax) results from bender 
element tests performed on Toyoura sand, cemented and uncemented 
carbonate sand and analysis of those data to derive an empirical relationship 
for Gmax with other soil parameters such as mean stress, void ratio, cement 
content and stress ratio. This chapter also compare the stiffness data derived 
from other empirical equation with the experimental results and with the new 
empirical equation formulated in this research. It also shows an indirect way to 
calculate the cement content for artificially cemented soil from stiffness (Gmax) 
measurement during any stage of triaxial test. 
• Chapter9– concludes the brief findings of this study, outline the limitations 
and suggest for further study. 
 
